A Vero cell line with a long-term rubella virus persistent infection was maintained for 45 weeks in the presence of anti-rubella virus antibody of sufficient titer to completely neutralize the virus in the culture fluid to determine the effect of the presence of antibody on the maintenance of the persistent infection. Prior to antibody treatment, virus was continuously detected as plaque-forming units in the persistently infected culture fluid. Virus clones that were plaque purified from the persistently infected culture fluid were temperature sensitive and exhibited a reduced efficiency of replication and ability to induce cytopathic effects in Vero cells at the persistently infected culture temperature compared with the standard virus used to initiate the persistently infected culture. Defective interfering RNAs were the major intracellular virus-specific RNA species present in the persistently infected cells. Treatment with antibody failed to cure the persistently infected culture of virus, and the cells retained the ability to release virus after antibody treatment was discontinued. Interestingly, the presence of antibody led to the selection of a population of virus which was markedly less cytopathic for Vero cells than the virus population which was selected during persistent infection in the absence of antibody.
A Vero cell line with a long-term rubella virus persistent infection was maintained for 45 weeks in the presence of anti-rubella virus antibody of sufficient titer to completely neutralize the virus in the culture fluid to determine the effect of the presence of antibody on the maintenance of the persistent infection. Prior to antibody treatment, virus was continuously detected as plaque-forming units in the persistently infected culture fluid. Virus clones that were plaque purified from the persistently infected culture fluid were temperature sensitive and exhibited a reduced efficiency of replication and ability to induce cytopathic effects in Vero cells at the persistently infected culture temperature compared with the standard virus used to initiate the persistently infected culture. Defective interfering RNAs were the major intracellular virus-specific RNA species present in the persistently infected cells. Treatment with antibody failed to cure the persistently infected culture of virus, and the cells retained the ability to release virus after antibody treatment was discontinued. Interestingly, the presence of antibody led to the selection of a population of virus which was markedly less cytopathic for Vero cells than the virus population which was selected during persistent infection in the absence of antibody.
Rubella virus (RUB) has been shown to be capable of persistent infections in both congenitally infected individuals and individuals infected after birth. Chronic diseases associated with RUB persistence in congenital rubella syndrome patients include thyroiditis (31) , acute-onset diabetes (10, 18) , and progressive rubella panencephalitis (28) . In patients infected after birth, RUB persistence has been associated with several forms of chronic arthritis (3, 7, 24, 29) .
Not surprisingly, RUB establishes a persistent infection in every cell culture line which has been tested. The striking feature of RUB persistence in cell cultures is the fact that the cultures cannot be cured by inclusion of antiviral antibody in the medium. In five independent studies in which different cell lines were used, workers have reported maintenance of RUB persistence in the continuous presence of antibody for as long as 3 months (17, 19, 20, 22, 27) . In cell cultures persistently infected with other nonretro-RNA viruses, curing has been effected by antibody treatment (25) . However, in the case of cells persistently infected with paramyxoviruses (measles virus and Newcastle disease virus), 3 months or more of antibody treatment was required for curing of the persistent infection, and in some sublines curing did not occur despite treatment with antibody for 1 year or more (12, 23) . Therefore, we decided to treat a long-term RUB persistently infected Vero cell line which we had been studying with antiviral antibody for a more prolonged period to determine whether the culture could be cured.
The establishment of RUB persistence in Vero cells with plaque-purified RUB (Therien strain) free of detectable defective interfering (DI) particles has been described previously (8) . After establishment of persistence, the culture was maintained by weekly subculturing at a 1:2 dilution. The persistently infected cells appeared to be similar to Vero cells except that rounded, detached cells adhering to the monolayer were always observed. A previous study showed * Corresponding author.
that Vero cells lack a functional interferon system (4) . The persistently infected culture was resistant to superinfection with RUB but not to superinfection with Sindbis virus or vesicular stomatitis virus, verifying that interferon was not a factor in maintenance of persistence. As determined by immunofluorescence (11) , between 10 and 31% of the cells expressed virus antigen. As determined by an infectious center assay (11) , only between 0.3% and 1.5% of the cells produced plaque-forming virus.
Virus was continuously detected as plaque-forming units in the persistently infected culture fluid. The titer generally ranged from 103 to 105 PFU/ml (during productive infections titers between 1 x 107 and 7 x 107 PFU/ml were produced).
After 23 passages, we observed reductions in the plaque size of the persistent virus from the standard virus plaque size of 3 to 4 mm in diameter to a size of less than 1 mm in diameter. As Table 1 shows, when seven plaques isolated from the persistently infected cell culture at passages 165 and 175 were tested for the ability to replicate, we found that all of them exhibited a reduced ability to replicate compared with the standard virus at 35°C, the persistently infected culture temperature. All seven plaques were temperature sensitive (ts) at 390C.
During RUB productive infections in Vero cells, two positive-polarity virus-specific RNA species are produced, the genomic RNA (9,757 nucleotides long) and a subgenomic RNA containing the 3'-terminal 3,327 nucleotides of the genomic RNA, which serves as an mRNA for the translation of the virus structural proteins (5, 9, 11, 21) . A Northern hybridization experiment (Fig. 1) showed that the predominant species of RUB-specific intracellular RNAs in the cell line with the long-term persistent infection were DI RNAs. In this experiment, two probes were used, an oligonucleotide complementary to the 3' 30-nucleotide end of the genome and negative-polarity RNA transcribed from a plasmid containing the 3'-terminal 3,300 nucleotides of the RUB genome. The oligonucleotide probe (Fig. 1A ) was more sensitive than the RNA probe (Fig. 1C) RNAs, while the RNA probe was more sensitive for the detection of the genomic and subgenomic RNAs. This was presumably due to the fact that since the DI RNAs (all but one of which were smaller than the subgenomic RNA) contained significant internal deletions of genomic sequences, the relative specific activity of the RNA probe was much higher for the genomic and subgenomic RNAs than it was for the DI RNAs, while the specific activity of the oligonucleotide probe was the same for all of these RNAs. The number of detectable DI RNAs in the four passages tested ranged from three to seven. Some DI RNAs which were of similar lengths were conserved in these passages. The subgenomic RNA was detected in three of the four passages with the oligonucleotide probe and in all four passages with the RNA probe, while the genomic RNA was detected only in passage 183 with both probes. Culture fluid from two passages (passages 183 and 184) in which seven intracellular DI RNAs were observed was concentrated 10-fold and used to infect Vero cells either in the absence or in the presence of helper standard virus (multiplicity of infection [MOI], 5 PFU/cell) (a Northern gel of intracellular RNA from passage 184 was similar to the gel of passage 183 RNA shown in Fig. 1A through C) . When RNA extracted from the infected Vero cells was analyzed by Northern hybridization, only one DI RNA species was detected (Fig. 1D ). This DI RNA species was similar in length (roughly 1,000 nucleotides) to one of the DI RNAs present in the persistently infected cells. The other six DI RNAs present in the persistently infected cells may not have been transmissible, a phenomenon which has been reported in BHK-21 cells that are persistently infected with Sindbis virus (26) . Interestingly, although the subgenomic RNA was clearly present in all lanes containing RNA from cells infected with persistently infected culture fluid, the genomic RNA was not detected in any of these lanes. Thus, the 1,000-nucleotide DI RNA was capable of interfering with genomic RNA synthesis, and the inhibition of genomic RNA synthesis observed in the persistently infected cells was due at least in part to DI RNA-mediated interference.
When the persistently infected cell line was subcultured at passage 173, a sample of cells was plated into medium containing 1% goat anti-RUB serum (Fig. 2 ). This subline (designated the GS line) was subsequently subcultured like the persistently infected cells except that the culture medium contained 1% goat antiserum and the subculture dilution was increased from 1:2 to 1:5 since it has been shown that heavy subculturing can adversely affect efforts to cure a persistent infection with antibody (14) . Plaque-forming units were never detected in the culture fluid of the GS line, and therefore neutralization of extracellular virus by addition of the antiserum was effective. To detect the presence of RUB in the GS line, a polymerase chain reaction (PCR) assay was developed to detect the presence of RUB RNA in total cell RNA. When the assay was performed on the GS line after 40 passages in the presence of antiserum, a positive result was obtained (Fig. 3) , demonstrating that persistence had been maintained. After 45 passages in the presence of antiserum, the GS line was assayed by immunofluorescence, and we found that 50% of the cells were positive. This finding indicated that the persistent infection was being maintained in a large percentage of the cells and not just in a small residual fraction.
To determine whether the persistently infected cells treated with antiserum had maintained the ability to release virus, at various subculturings of the GS line samples of cells were plated into medium without antiserum (GSR sublines), and the culture fluid was assayed for the presence of virus by using the plaque assay (Fig. 2) .: ,. . .
FIG. 1. Northern analysis of intracellular RNA from persistently infected cells. (A through C)
Total cell RNA was extracted from Vero cells that were productively infected with standard RUB (MOI, 10 PFU/cell, 50 h postinfection) or from the persistently infected cell line at different passages as previously described (11) . Denaturation with glyoxal, electrophoresis in 1% agarose gels, transfer to nitrocellulose, and hybridization with labeled probes were done as previously described (9, 11 antibody, curing eventually occurs, indicating that occasional reinfection is important in maintenance of persistence (14) . Thus, in RUB persistently infected cell cultures some mechanism must exist to ensure maintenance of the virus in each cell and passage of the virus to both daughter cells during cell division. RUB buds both at the cytoplasmic membrane and into intracellular vacuoles (1), providing an intracellular repository for virus which may play a role in cellular maintenance of the virus. In the case of paramyxovirus persistence, virus can be spread from cell to cell in the presence of antibody by cell fusion (16) . However, RUB is capable of fusing cells only at low pH values (15) , and thus it does not seem likely that this mechanism plays any role in the maintenance of RUB persistence.
The second important observation made in this study was that antibody treatment had an effect on the evolution of the persistent virus population in that a less cytopathic virus population was selected. Presumably, the less cytopathic virus had evolved prior to antiserum treatment. In the presence of antiserum, the only repository for virus was the infected cells. Eventually, the cells infected with cytopathic virus were killed, thus eliminating the cytopathic virus from the persistent virus population. Cells infected with less cytopathic viruses survived indefinitely, and thus this type of virus was maintained in the persistent virus population.
Much work has been done on the evolution of virus variants which exhibit attenuated cytopathogenicity, such as DI particles and ts mutants, during persistent infection with other viruses (13, 30) . Evolution of both DI particles and ts mutants was observed in our Vero cell line that was persistently infected with RUB in the absence of antibody treatment (in RUB persistent infections in other cell lines, evolution of ts mutants [27] and DI particles [20] has been reported). In this report we document that in the case of RUB, antibody treatment leads to further selection of less cytopathic virus variants.
The ability of the cells that were persistently infected with RUB to release virus was maintained throughout the antise- (11) was reverse transcribed by using an oligo(dT) primer and then subjected to PCR amplification by using as primers oligonucleotide 9, which is complementary to the 3' end of the RUB genome (see the legend to Fig. 1) , and an oligonucleotide with the sequence CCCCCGCCCTACCAAGTCAGCTGCGGGGG, which is identical to the sequence of nucleotides 298 through 326 from the 3' end of the RUB genome (5) . This pair of primers was expected to yield a 326-base-pair (bp) product. Buffers and enzymes were supplied in a Gene Amp kit (Perkin-Elmer-Cetus, Norwalk, Conn.). Amplification (95°C for 1 min, 37°C for 2 min, and 72°C for 2 min for 30 cycles) was done by using a thermal cycler (Perkin-Elmer-Cetus). The products of PCR amplification were electrophoresed in a 1% agarose gel, stained with ethidium bromide (A) (the sizes of the HindlIl lambda fragment standards [STD] [in kilobase pairs] are indicated on the left), and then transferred to nitrocellulose and hybridized against 32P-labeled negative-polarity RNA transcribed from pLEE-1 (B) (see the legend to Fig. 1 ). The following RNA samples were used: wt RV, Vero cells infected with standard RUB (MOI, 5 PFU per cell) for 48 h; P142, passage 142 of the persistently infected cell line; GS P40, GS line after 40 passages in the presence of goat anti-RUB antiserum; GSR-22 P18, GS line released from antiserum treatment after 22 passages and maintained for 18 passages in medium without anti-RUB antiserum. MI, Mock infected; pLEE-1, plasmid control. NOTES 5187 to congenital rubella syndrome patients from whom virus is recoverable for 6 months to 1 year after birth despite a vigorous humoral response (6) . In these patients, the cellmediated response is defective (2) , and, as shown in this study, RUB can persist for prolonged periods of time in the presence of antibody. The reason for virus disappearance in congenital rubella syndrome patients after 6 months to 1 year is not clear. On the basis of the results of this study, perhaps a population of attenuated virus that is not demonstrable by routine methods evolves in these patients in the presence of antibody.
